Ammonoids that lived in the wake of the end-Permian mass extinction are frequently encrusted by the shells of cementing bivalves, but the majority of these epizoans are too poorly preserved for a precise taxonomic identification. However, our huge collection of Griesbachian -Dienerian (Early Triassic, c. 252-251 Ma) ammonoids from east Greenland, the Salt Range (Pakistan) and Spiti (India) includes three ammonoid specimens with epizoans that can reliably be identified as oysters, based on their attachment by the left valve and the morphology of their ligament area. Some of these oysters have their right (upper) valve preserved, which shows the characteristic morphology of Liostrea. These finds predate (1) the previously known first occurrence of oysters by c. 5 Myr, (2) that of Gryphaeidae by c. 15 Myr and (3) that of Liostrea by c. 20 Myr. Moreover, the stratigraphic polarity indicates that Liostrea is a candidate ancestor of Gryphaea and not vice versa. The open-marine habitat of the Liostrea epizoans described herein provides an explanation for the unusual ecology of its putative descendent Gryphaea as a fully marine soft-bottom dweller with a preference for relatively deep water environments during the Triassic. The revised timing of the early phylogeny of oysters suggests that this bivalve clade underwent rapid morphological divergence during the initial phase of its evolution.
INTRODUCTION
"The origin of the true oysters has always been uncertain because of inadequacies in the fossil record of early Triassic oysters" (Newell & Boyd, 1970: 233; see also Márquez-Aliaga et al., 2005) . The preservation problem lamented by these authors is exemplified by the geologically oldest oysters thus far reported, which lived as epizoans on the limid bivalve Plagiostoma lineatum from the Anisian (Middle Triassic) Muschelkalk of the Germanic Basin (Seilacher, 1954; Hautmann & Hagdorn, 2013) . The reported specimens of this species are only preserved by their attached valves, which are small Lopha-like shells that show barely any morphological detail except for a strongly plicate shell margin. Hautmann (2001a Hautmann ( , 2006a proposed that the absence of morphological details of the shell interior is due to an originally aragonitic mineralogy of the inner shell layer, which was dissolved during diagenesis. Available shell mineralogical data of Triassic and Jurassic oysters suggest that there was a shift in the mineralogy of the inner shell layer of oysters from aragonite to calcite across the TriassicJurassic boundary, which was possibly an evolutionary response to an ocean acidification event at that time (Hautmann, 2004a; Hautmann et al., 2008) and provides an explanation for the better quality of the fossil record of post-Triassic oysters.
In the absence of internal shell characters, Seilacher (1954) used the shell curvature of the Muschelkalk epizoan bivalves to infer that they were attached consistently by their left valve and were thus 'true' oysters, which he assigned to 'Alectryonia' (= Lopha), later assigned to Umbrostrea? by Hautmann & Hagdorn (2013) . Lophalike oysters continued to be the most diverse group of Triassic oysters, but reports of well-preserved specimens are rare. Notable exceptions include Ostrea calceoformis Broili, 1903 (Ladinian; Fig. 1C, D) and Ostrea montiscaprilis Klipstein, 1843 (Carnian; Fig. 1E-G) , which might be placed in the recently proposed genera Nacrolopha Carter & Malchus, 2011 (in Carter et al., 2011 or Umbrostrea Hautmann, 2001a. Regardless of uncertainties in the generic assignment, we regard all strongly plicate Triassic oysters as members of the ostreid subfamily Lophinae Vialov, 1936 (but see Carter et al., 2011 for an alternative classification).
The second main branch of Triassic oysters is the Gryphaeidae, with Gryphaea Lamarck, 1801 and Liostrea Douvillé, 1904 as the sole genera during this period (Stenzel, 1971) . The stratigraphy and biogeography of Triassic Gryphaea have been reviewed in detail by McRoberts (1992) , who demonstrated that the genus first occurred in the early Carnian, thus much later than Lophinae, and that Triassic species of Gryphaea were fully marine and thrived mainly in cool and deeper water environments, unlike most modern oysters. Liostrea shows typical characters of Gryphaeidae (Stenzel, 1971 , but until now this genus was assumed to have appeared notably later than Gryphaea in the fossil record, which led Stenzel (1971 to suggest that Liostrea descended from Gryphaea, contrary to previous assumptions (e.g. Douvillé, 1910; Trueman, 1922; Philip, 1962) .
Featured Article
In this study, we describe oysters from the Early Triassic that can be assigned with reasonable confidence to Liostrea, which has implications for the early phylogeny of Gryphaeidae and of oysters in general.
MATERIAL
The newly described material comes from extensive collections of Early Triassic ammonoids that were sampled in the context of our research focus on the marine recovery from the end-Permian mass extinction. Bivalve epizoans occurred occasionally on ammonoids from the first substage (Griesbachian) of the Early Triassic (see Fig. 2A for a stratigraphic overview), but their acme was reached during the middle to late part of the second Early Triassic substage (Dienerian), when cementing bivalves occurred on the majority of adult or subadult ammonoid shells. For this study, we selected three ammonoid specimens with bivalve epizoans, which show sufficient morphological characters for a taxonomic discussion. The palaeogeographic positions of the fossil sites of these specimens are shown in Figure 2B . The material is housed in the collection of the Palaeontological Institute and Museum of the University of Zurich (PIMUZ).
The three ammonoid specimens are as follows: Tompophiceras gracile Spath, 1930, specimen PIMUZ 32123 (Fig. 3B) , from the late Griesbachian (Ophiceras commune zone) of Cape Stosch, East Greenland (GPS coordinates: N74°00′02.7″; W21°25′57.8″). Bivalve epizoans originally occurred on both sides of this specimen, but they were removed from one side during routine preparation prior to this study.
Vavilovites meridialis Ware et al. (in press b) , specimen PIMUZ 30883 (Fig. 3A) , from the late Dienerian (DI-9, 'Vavilovites meridialis beds' of Ware et al., 2015) of Mud, Spiti, India (GPS coordinates: N31°57′58.4″; E78°01′21.4″); see Ware et al. (in press b) for details.
Proptychites ammonoides Waagen, 1895, specimen PIMUZ 30446 (Fig. 4) , from the middle Dienerian (Zone DI-6, 'Ambites discus beds' of Ware et al., 2015) of Nammal Nala, Salt Range, Pakistan (GPS coordinates: N32°39′24.5″; E71°47′43.4″); see Ware et al. (in press a) for details. This specimen is remarkable because two oysters that settled near the umbilicus became overgrown by the ammonoid, which prevented the right (upper) valve from being separated after death of the bivalves and protected the shells against postmortem destruction.
The taxonomy and systematic arrangement of oysters used in this paper follows Stenzel (1971) . Broili (1903: pl. 23 , fig. 11 ). E-G. Ostrea montiscaprilis Klipstein, 1843. E, F. SNSB BSPG AS XVI 32, interior and exterior of left valve; note ligament area with broad resilifer and narrow, ridge-like bourrelets and plicate shell; original specimen of Wöhrmann (1889: pl. 6, fig. 2 ). G. SNSB BSPG AS XVI 33, interior of right valve with depressed bourrelets and relatively elevated resilifer (note that true relief may appear inverted in figure) ; original specimen of Wöhrmann (1889: pl. 6 Material: Five left valves on Tompophiceras gracile from the late Griesbachian of Greenland; one right and one tentatively assigned right valve on Proptychites ammonoides from the middle Dienerian of Nammal Nala, Salt Range, Pakistan; four left valves and three tentatively assigned right valves on Vavilovites meridialis from the late Dienerian of Mud, Spiti (India). Note that many more bivalve epizoans occur on the latter ammonoid specimen (Fig. 3A) , but their state of preservation is too poor for taxonomic identifications.
Description: Shell small (<35 mm), usually higher than long, attached to ammonoid hosts by left valve; valves retrocrescent, occasionally spatulate. Left valve morphology: attachment area large; shell margin not plicate; hinge line short; ligament area moderately high; resilifer broad; bourrelets narrow and ridge-like. Right valve morphology: valve slightly convex, externally smooth except for incremental lines and relatively small xenomorphic area; shell margin smooth.
Remarks: Whereas assignment of all specimens to Liostrea is morphologically well supported, their state of preservation is insufficient to confirm that they all belong to the same species within this genus. Given the insufficient evidence for their species-level status, we describe all specimens collectively as Liostrea sp. without implications about their species identity. As typical for Triassic oysters (see Hautmann, 2001a Hautmann, , b, 2006a , the inner (primarily aragonitic) shell layer of the available specimens is dissolved and thus information on muscle scars is lacking. In this situation, three criteria allow distinction between left and right valve: (1) Seilacher's criterion of valve curvature. Seilacher (1954: 173) noted that cementing bivalves grew preferentially in the anatomically posterior direction, thus the direction of valve curvature distinguishes sinistrally cemented species (i.e. oysters) from dextrally cemented species (e.g. prospondylids, plicatulids and dimyids). More precisely, the outer side of the upper valve and the inner side of the lower valve of 'true' oysters is curved in a clockwise direction, which is the case in our material, whereas the direction of curvature is counter-clockwise in dextrally attached prospondylids, plicatulids and dimyids. (2) Seilacher (1954: 173) additionally observed that the posterior margin of bivalves that are attached to an upright substratum/host usually points upward; in consequence, the umbo of sinistrally attached bivalves is located on the right side and vice versa. Application of this criterion is complicated in the case of an ammonoid host, because the upward direction changes during growth of the host. Nevertheless, it is notable that all of our bivalve epizoans conform to Seilacher's prediction with respect to the relevant ontogenetic stage of the ammonoid host (e.g. Fig. 6A) . (3) The criterion of the morphology of the ligament area. Hautmann (2004b Hautmann ( , 2006b ) noted that oysters typically have a much broader resilifer in relation to the bourrelets than other pteriomorphs and that the overall length of the hinge line is relatively shorter. Moreover, the resilifer of the right valve is usually ridge-like (i.e. elevated relatively to the bourrelets) and engages in the depressed resilifer of the left valve, and the bourrelets of the right valve are depressed, while the ligament area of the left valve has the inverse relief ('alivincular-arcuate ligament'; Hautmann, 2004b) . The ligament morphology of the left valve revealed by our material confirms the presence of this oyster character (e.g. Fig. 6D , E). The unfolded (nonplicate) shell margin suggests that the oysters described herein do not belong to the Lophinae, which have a folded (plicate) shell margin, but rather to the Gryphaeidae. Apart from Gryphaea itself, which is a secondary soft-bottom dweller (e.g. Seilacher, 1984) , Liostrea is the only Triassic genus of this oyster family (Stenzel, 1971) . One exceptionally well-preserved right valve (Fig. 4) is morphologically virtually indistinguishable from the type species of Liostrea, which is the Lower Jurassic Liostrea hisingeri (Nilsson, 1832) [= L. sublamellosa (Dunker, 1846) ] (Stenzel, 1971 . Other right valves are rounder in outline (Figs 4, 5) and it is currently unclear if they fall within the usual intraspecific variation, or represent responses to different positions on the host, or belong to another species. This uncertainty, in addition to the huge stratigraphic distance, prevents us from making a formal identification with L. hisingeri.
Several Triassic species of Liostrea have been described previously. Ivimey-Cook et al. (1999) reported the occurrence of the above-mentioned L. hisingeri and its possible synonym L. bristovi (Richardson, 1905) from the Rhaetian Penarth Group (UK). Liostrea cimana Cox, 1949 from the Norian of Peru is very similar to L. hisingeri, except for the occasional occurrence of weak radial ribbing. Liostrea newelli Newton, 1987 (in Newton et al., 1987 from the Norian of the Wallowa Terrane (Oregon, USA) is similar to our material in its small size and its relatively large attachment area, but differs in having a more deeply cupped left valve with a posterior sulcus, a large xenomorphic area on the right valve and a lower height-length ratio. Waller & Stanley (2005: 30) 
DISCUSSION

Ecological remarks
Various species of Liostrea are known to have settled on ammonoids from the Jurassic and Cretaceous and were mostly attached to their hosts when both were living (syn-vivo) (e.g. Merkt, 1966 ; Cope, 1968; Scholz, Schweigert & Dietl, 2008) . However, postmortem settlement on dead ammonoids that served as 'benthic islands' on soft seafloor sediments has also been reported (Paul & Simms, 2012) . The most recent account of Liostrea epizoans is that of Zell, Beckmann & Stinnesbeck (2014) concerning the Late Jurassic -Early Cretaceous Liostrea roemeri (Quenstedt, 1843), which shows unequivocal evidence for syn-vivo attachment to the ammonites Idoceras sp. and Virgatosphinctes aff. communis; these authors also gave a comprehensive overview of criteria for distinguishing syn-vivo from postmortem attachment (Zell et al., 2014: table 1) . For the Early Triassic Liostrea specimens described herein, settlement on both sides of the ammonoid host, the orientated growth with respect to the life position of the host and the overgrowth of one specimen by its host (Fig. 4) provide clear evidence that the oysters settled on living animals and thus adopted a pseudonektonic mode of life. However, it is unclear whether this mode of life prevailed among the earliest oysters and, if so, whether it was promoted by environmental factors. It has been proposed that bivalve settlement on nektonic hosts occurs as an ecological response to anoxic bottom waters (e.g. Zell et al., 2014) , which would agree with the fact that the acme of bivalve epizoans occurred on Dienerian ammonoids, because the Dienerian was a time of widespread anoxia (e.g. Ware et al., 2011) . Notably, Dienerian ammonoids from oxygenated offshore settings recorded in exotic blocks (olistoliths) in Oman do not carry bivalve epizoans (HB, unpublished) , which supports the idea that the pseudonektonic mode of life was an opportunistic and facultative response to anoxic conditions on the seafloor. A second ecological factor that might have favoured an epizoan mode of life was a possible rarity of hard substrata in the Early Triassic, as reflected by the near-absence of metazoan reefs before the Smithian (Brayard et al., 2011) and the scarcity of Early Triassic hard substratum communities in general (Zatoń et al., 2016) . However, the lack of epizoan oysters on the shells of benthic species or on dead ammonoid shells contradicts this idea as a general explanation. A third possibility is that the epizoan mode of life led to preferential preservation and/or collection. The oyster shells are small, tiny after dissolution of the aragonitic inner shell layer, and difficult to identify. Ammonoid shells provide a solid support for the oyster shells against mechanical destruction and, because ammonoids are both eye-catching and biostratigraphically important, they are also preferentially collected. Regardless whether attachment to living ammonoids was the ancestral mode of life, was a case of ecological opportunism, or is overrepresented in the fossil record because of a preservation/collection bias, the frequent occurrence of the geologically earliest oysters in an unusual habitat has implications for understanding the early phylogeny of this clade.
Phylogenetic implications
Ostreidae are unknown from the Permian (Newell & Boyd, 1970; Stenzel, 1971) . Because Permian strata are represented by a larger amount of exposed marine sedimentary rock than those of the Early Triassic (Peters & Foote, 2002) and have generally a much richer and better preserved fossil content that is extremely wellstudied, our finds of Liostrea from the very beginning of the Mesozoic suggest that oysters might have evolved in the immediate aftermath of the end-Permian mass extinction, c. 252 Ma (Baresel et al., 2017) . This would imply that the early evolution of oysters was characterized by extremely rapid morphological divergence from their stillunknown ancestor, which might have taken place within the less than c. 0.5 Myr time interval between the end of the Permian and the late Griesbachian (Fig. 1A) , from which we report the earliest oysters. Moreover, the new finds reduce the stratigraphical distance between the first occurrence of Gryphaeidae (Griesbachian; this study) and Lophinae (Bithynian; Hautmann & Hagdorn, 2013) to merely c. 5 Myr (Gradstein et al., 2012) . Again, this relatively short time window could reflect quick morphological change or, alternatively, it could be interpreted as support for Stenzel's (1971) hypothesis of a diphyletic origin of oysters (see also Malchus, 1990) . However, recent molecular phylogenies support monophyly of Ostreidae + Gryphaeidae (e.g. Combosch et al., 2017) , which makes the latter interpretation less likely. For the Gryphaeidae, the new finds reverse the relative stratigraphic position of the two Triassic genera of this family, with Liostrea occurring significantly before Gryphaea. This makes Liostrea a possible ancestor of Gryphaea, thus supporting the traditional view (e.g. Philip, 1962) that was doubted by Stenzel (1971) . Unfortunately, the new material does not add new morphological information to this discussion, but an additional ecological argument can be made. Triassic Gryphaea was restricted to fully marine and deeper-water environments (McRoberts, 1992) . This is unlike most modern oysters, but it matches the environments where the ammonoid hosts of the Liostrea epizoans lived. Oyster larvae that failed to attach to an ammonoid host might have ultimately settled on the seafloor in open marine settings where hard substratum was scarce; the unusual secondary adaptation of Gryphaea to soft bottoms (Seilacher, 1984) could therefore be a consequence of the pseudonektonic mode of life and the associated open-marine habitat that was common among early representatives of its ancestral genus Liostrea. 
